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Chapter 4
Pregnancy induced Treg enhancement correlates with 
differential intestinal transcriptomics expression and 
specific microbiota composition
Marlies Elderman, Floor Hugenholtz, Clara Belzer, 






Pregnancy is associated with an increased number of peripheral T regulatory 
cells (Tregs) in order to tolerate the fetus. As several bacteria in the 
microbiome can induce the generation of Tregs, we hypothesized that the 
intestinal microbiota is altered during pregnancy and that this is associated 
with the tolerogenic peripheral immune system. Immune cell populations 
in the spleen, gene array of colonic and ileal tissue and fecal microbiota 
composition (MITchip) were studied in pregnant and non-pregnant mice 
of two mouse strains (C57BL/6 and BALB/c). We found that pregnant mice 
had a higher percentage of Tregs in their spleen than non-pregnant mice. In 
line with enhanced Tregs in pregnancy we found intestinal immunological 
pathways, specific for Treg induction or function, which were differentially 
regulated by pregnancy. Additionally, we found that pregnancy influenced 
intestinal microbiota diversity, richness and composition, however in a strain 
dependent way. During pregnancy, BALB/c mice seemed to increase the 
number of bacteria species, such as Lactobacillus paracasei et rel., Roseburia 
intestinalis et rel. and Eubacterium hallii et rel., which are associated with Treg 
development and anti-inflammatory responses, while B6 mice hardly changed 
their microbiota species during pregnancy. This may be due to the fact that 
B6 mice already had bacteria species (such as Bifidobacterium, Lactobacillus 
acidophilus et rel. and Lactobacillus plantarum) which are involved in Treg 
development and have anti-inflammatory properties, and therefore they may 
not need to change their microbiome during pregnancy. Our data suggest 
that microbiota associated with anti-inflammatory and tolerance-inducing 
properties need to be present during pregnancy and that several strategies of 
microbiota changes may lead to the same immunological outcome. This may 
open new ways to promote healthy pregnancy by nutritional intervention. 
Additionally, our data suggest possible involvement of anomalies in pregnancy 
induced microbiota changes as explanation for unsuccessful pregnancies. 
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Introduction
Pregnancy is associated with immunological adaptations of the mother in 
order to tolerate and support the development of the semi-allogeneic fetus. 
A hallmark of these adaptations is the increase in peripheral T regulatory 
cells (Tregs).(1,2) The increase of these Tregs showed to be essential for 
healthy pregnancy and acceptation of the fetus in both mice and humans.(1) 
Reduced numbers and/or functionality of Tregs are associated with pregnancy 
complications like infertility, miscarriage, and pre-eclampsia.(3,4) A causal 
relationship between the presence of Tregs and the protection for pregnancy 
complications has been demonstrated in adoptive transfer studies in mice. In 
these studies, the transfer of Tregs from normal pregnant female mice into 
abortion-prone females on days 0-2 of pregnancy prevented fetal rejection.(1)
The generation of Tregs can be induced by microbiota species present in 
the intestinal lumen.(5-7) Several bacteria species from the genus Clostridium 
have been shown to promote the accumulation of intestinal Tregs,(5,6) while 
the bacteria Lactobacillus plantarum also showed to enhance the number of 
peripheral Tregs.(7) One of the mechanisms by which bacteria can promote 
accumulation of Tregs is by producing short chain fatty acids (SCFA), such as 
butyrate, which has been shown to induce the differentiation of Tregs in the 
colon.(8) This is particularly true for Clostridium species from the clusters IV 
and XIVa.(5) Whether intestinal bacteria are also involved in the generation 
of Tregs during pregnancy is unknown. Besides Treg generation, microbiota 
can influence the function of intestinal innate immune cells such as dendritic 
cells (DCs) and macrophages.(9) These cells are also essential for induction 
of tolerance. After antigen recognition, DCs migrate to induction sites like 
the Peyer’s patches (PP) and mesenteric lymph nodes (MLN), where they 
communicate with adaptive immune cells such as T and B cells. These cells can 
be primed and instructed to home to the effector sites like the lamina propria 
or to the peripheral sites to influence local or peripheral immune responses.(10) 
In this study we investigated a possible relationship between microbiota and 
a more tolerogenic immune system during pregnancy in mice. To this end, we 
studied the effect of pregnancy on intestinal immune responses and peripheral 
immune cells with both a microarray (ileum and colon tissue) and flow cytometry 
(spleen and MLN), and the effect of pregnancy on the microbiota composition. 
Non-pregnant mice served as control. We used two different mouse strains 




and intestinal immunological responses,(11,12) to study the consequences of a 
different starting point in the intestinal microbiota-host interaction.
Methods
Mice 
Female wild-type B6 and BALB/c mice (n=20 per strain) were purchased 
from Harlan (Harlan, Horst, the Netherlands) at an age of eight weeks. Mice 
were co-housed (five mice per cage) in isolated ventilated cages to limit 
environmental influences. The animals had ad libitum access to a D12450B 
diet (Research Diets Services, Wijk bij Duurstede, the Netherlands) and 
water. This diet was given immediately after the mice arrived in the animal 
facility, this was at least three weeks before sacrifice. All animal experiments 
were performed after receiving approval of the Animal Care Committee of 
the Groningen University. Between an age of 3 and 5 months all mice were 
sacrificed by cervical dislocation under anesthesia (isoflurane and oxygen). All 
non-pregnant female mice (n=10 from each strain) were sacrificed during the 
diestrus phase of their ovarian cycle to ensure low stable levels progesterone 
and estrogens. For the pregnant mice (n=10 from each strain), smears were 
taken daily and, when in the proestrus phase of their ovarian cycle, they were 
mated with male wild-type mice from the same strain, that were housed 
under the same conditions as the females. The day of the vaginal plug was 
day 0 of pregnancy. Pregnant mice were sacrificed at day 18 of gestation. 
At sacrifice, spleens were removed for immune cell analysis. Feces from 
the last part of the colon were collected for microbiota profiling. Besides, 
approximately 1 cm of distal ileum and proximal colon were used for microarray 
analysis. Table 1 provides an overview of the characteristics of the mice.
Isolation of splenic cells 
Single cell suspensions of spleens were made by mechanical disruption of 
the tissues between two microscopy slides in 2 ml ice-cold RPMI containing 
10% (v/v) heat-inactivated fetal calf serum (FCS). Splenic red blood cells were 
Table 1. Overview of mice characteristics. The letters a and b indicate which groups differ significantly (t-test, 
p<0.05) from each other. 
 non-pregnant B6 pregnant B6 non-pregnant BALB/c pregnant BALB/c 
Number of mice 10 10 10 10 
Weight before pregnancy  21.4  22 
Weight at sacrifice 22.4a 34.5b 22.2a 34.4b 
Average number of pups  6.6  6.4 
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eliminated by incubation with 4 ml ice-cold ammonium chloride. Falcon tubes 
with cell strainer caps (Corning, Amsterdam, the Netherlands) (35 μm) were 
used to remove cell clumps before the cells were counted and used for staining. 
Cell staining
Spleen cells were stained for DCs and T cell populations. MHC2, CD11c and 
F4/80 were used to mark DCs. Within the DC population, expression of CD103 
was assessed. T cells were determined using CD3, and further subdivided into 
T cytotoxic (CD8+) and T helper (CD4+) cells. Within the CD8+ and CD4+ cell 
subsets, expression of CD69 and α4ß7 were assessed. Within the CD4+ cell 
subset expression of FoxP3 and CD25 was assessed. Antibody specifications 
are described in table 2. All antibodies were diluted in a volume of 25 µl, 
supplemented to a volume of 25 µl with FACS buffer (PBS + 10% FCS (v/v)). 
Approximately 1x106 spleen cells were incubated for 20 minutes in FACS buffer 
(10% FCS (v/v)) containing 20% (v/v) normal rat serum (Jackson, Newmarket, 
UK) and 2% (v/v) Fc block (CD16/32) (Biolegend, Uithoorn, the Netherlands) 
to prevent non-specific antibody binding, followed by incubation in primary 
antibody mix for 30 minutes. The samples for detection of DCs were stained 
with a biotinylated antibody (streptavidin-Pacific Orange) for 30 minutes 
and subsequently fixed in FACS lysing solution (BD Biosciences, Breda, the 
Netherlands) for 30 minutes. T cell samples underwent intracellular staining 
and were washed twice with a permeabilization buffer (eBioscience, Vienna, 
Austria) after which they were incubated with an intracellular blocking 
medium (20% (v/v) rat serum in permeabilization buffer) for 20 minutes. Next, 
these cells were incubated with a secondary antibody mix for 30 minutes and 
also fixed in FACS lysing solution for 30 minutes. Washing was performed in 
between all incubation steps. The whole procedure was performed on ice and 
Table 2. Antibody specifications. 













F4/80 BM8 A700 0.5 mg/ml 75x Biolegend 
CD11c N418 PE-Cy7 0.2 mg/ml 100x Biolegend 
CD103 2E7 PerCP-Cy5.5 0.2 mg/ml 25x Biolegend 
CD3 17A2 Pacific Blue 0.5 mg/ml 80x Biolegend 
CD8 53-6.7 A700 0.5 mg/ml 50x Biolegend 
CD4 2E7 PE-Cy7 0.2 mg/ml 100x Biolegend 
CD69 H1.2F3  FitC 0.5 mg/ml 25x Biolegend 
α4ß7 DATK32 APC 0.2 mg/ml 25x Biolegend 
CD25 PC61 PE-Cy7 0.2 mg/ml 50x Biolegend 
FoxP3  FJK-16s FitC 0.5 mg/ml 50x eBioscience 




in the dark. Isotype control antibodies were used at the same concentration and 
purchased from the same company as the primary and secondary antibodies.
Flow Cytometry
Cell samples were analyzed using the LSR-II Flow Cytometer system (BD 
Biosciences, Breda, the Netherlands), using FACS Diva software. Analysis was 
performed using FlowJo version 10 software (FlowJo, LLC, Oregon, USA). To 
gate DCs, first living cells were selected based on size in the forward side scatter 
plot. Next, MHC2+ and F4/80- cells were gated to exclude macrophages. Within 
the remaining cell population, DCs were determined by selecting CD11c+ cells. 
Within the DC population, the expression of CD103 was assessed. The gating 
strategy for T lymphocytes is shown in figure 1. Lymphocytes were gated 
based on size in the forward side scatter plot and T cells were determined by 
selecting CD3+ cells. Within the CD3+ cells CD4+ and CD8+ cells were selected. 
Within both the CD4+ and CD8+ population, the percentage of cells expressing 
CD69 and α4ß7 was measured. Within the CD4+ cells, the percentage of cells 
expressing FoxP3 and CD25 was also assessed. All the isotype controls were 
set at 1% and these gates were copied to the samples with the antibody mix.
Figure 1. Gating strategy for determination of T cell subsets in the spleen. Lymphocytes were 
gated based on size and scatter in the forward side scatter plot and T cells were determined by 
selecting CD3+ cells. Within the CD3+ cells CD8+ and CD4+ cells were selected. Within both the 
CD8+ and CD4+ population, the percentage of CD69 and α4ß7 positive cells were measured. All 
isotype controls were set at 1%.
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Intestinal microarray analysis
For microarray analysis, RNA was purified from the distal ileum and proximal 
colon of mice (n=5 per group) using TRIzol (Life Technologies, Calsbad, CA, USA) 
followed by an additional round of purification with RNeasy Minikit columns 
(Qiagen, Venlo, the Netherlands). The quality of RNA was determined using 
RNA 6000 nanochips on the Agilent 2100 bioanalyzer (Agilent Technologies, 
Amsterdam, the Netherlands). Purified RNA (100 ng) was labeled with 
the Affymetrix WT PLUS reagent kit (Affymetrix, Santa Clara, CA, USA) and 
hybridized to an Affymetrix Mouse Gene 1.1 ST array plate (Affymetrix, Santa 
Clara, CA, USA). Hybridization, washing and scanning were carried out on an 
Affymetrix GeneTitan platform according to the manufacturer’s instructions. 
Arrays were normalized using the robust multiarray average method.(13,14) Probe 
sets were defined according to Dai et al. (2005).(15) In this method probes are 
assigned to Entrez IDs as a unique gene identifier. The P values were calculated 
using an intensity-based moderated t-statistic (IBMT).(16) Only probe sets with 
a fold-change of at least 1.2 (up/down) and a p-value < 0.05 were considered 
to be significantly different.
To gain insight into the biological role of the sexually dimorphically expressed 
genes, we investigated the functions in which these genes are involved using 
Ingenuity Pathway Analysis (IPA) (Ingenuity System). IPA uses a comprehensive 
expert-curated repository of biological interactions and functional annotations, 
mainly acquired from peer-reviewed scientific publications that provide the 
building blocks for network construction. IPA annotations follow the gene 
ontology (GO) annotation principle, but are based on a patented knowledge 
base of > 1,000,000 protein-protein interactions. GO annotations are used by 
ingenuity in order to investigate, among others, overrepresented biological 
functions and pathways. The IPA output includes biological functions and 
signaling pathways with statistical assessment of the significance of their 
representation based on Fisher’s Exact Test. Here, this test calculates the 
probability that genes participate in a given biological function relative to 
their occurrence in all other biological function annotations. Our IPA analyses 
included comparison of differentially regulated genes in the ileum and colon 
of pregnant and non-pregnant B6 and BALB/c mice. 
Bacterial DNA extraction and microbiota profiling
Total DNA was extracted from the feces samples (n=5 per group) using the 
repeated bead-beating-plus column (RBB+C) method.(17) The microbiota 




a diagnostic 16S rRNA array, which consists of 3,580 unique probes designed 
to profile murine intestinal microbiota.(18) Briefly, for MITChip, 16S rRNA 
gene amplification of the bacterial DNA, in vitro transcription, labeling, 
and hybridization were carried out as described previously.(19) Data were 
normalized and analyzed using a set of R-based scripts in combination with 
a custom-designed relational database, which operates under the MySQL 
database management system. For microbial profiling, the Robust Probabilistic 
Averaging (RPA) signal intensities of 2667 specific probes for the 94 genus-level 
bacterial groups detected on the MITChip, were used.(20) Diversity calculations 
were performed using a microbiome R-script package (https://github.com/
microbiome). The Redundancy analysis (RDA) was performed in Canoco 5.0, 
and visualized in triplots or a PRC plot.(21) 
Statistics 
For flow cytometry data, Shannon diversity, microbiota richness and the 
Firmicutes/Bacteriodetes ratio, data are expressed as the mean with standard 
error of the mean (SEM). The Kolmogorov-Smirnov test was used to determine 
normal distribution of the data. When the data were not normally distributed 
a log transformation was performed before analysis. The data were analyzed 
with a Two-way ANOVA (TWA). P-values of < 0.05 were considered statistically 
significant and p-values between 0.05 and 0.1 were defined as a trend.
Results
We first determined the effect of pregnancy on Tregs, CD4+ and CD8+ cells and 
DCs in the spleen of two mice strains, i.e. BALB/c and B6 mice. To determine 
possible correlations with changes in immune pathways in the intestine we 
performed microarrays on colonic tissues. Finally, the microbiota composition 
in pregnant and non-pregnant mice of both strains was determined. 
Pregnancy decreased CD103 dendritic cell but increased Treg and CD4+ cells in 
the spleen
As pregnancy is associated with an increase in the numbers of Tregs, in this 
study we first determined the effect of pregnancy on Tregs. We also quantified 
DCs in the spleen, since they are involved in inducing Treg.(8) Pregnancy did 
not influence the percentage of DCs in the spleen (Figure 2A). However, the 
percentage of DCs expressing CD103 was decreased in pregnant as compared 
with non-pregnant mice (Figure 2B). Furthermore, pregnant mice had a higher 
percentage of CD4+ cells than non-pregnant mice, while pregnancy had no 
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effect of on the percentage of CD8+ cells (Figure 3A&B). Pregnant mice also 
had a higher percentage of Tregs and effector CD4+ cells in the spleen (Figure 
3C&D), however, in a strain dependent way: pregnant BALB/c mice had a 
slightly higher percentage of both Tregs and effector CD4+ cells than non-
pregnant BALB/c mice, whereas these difference in percentages were more 
pronounced in B6 mice. The percentage of CD4+ cells expressing early activation 
marker CD69 was affected by pregnancy in the spleen, although also in a strain 
dependent way (Figure 3E): the percentage of CD4+ cells expressing CD69 was 
slightly lower in pregnant BALB/c mice than non-pregnant BALB/c mice, while 
it was higher in pregnant B6 mice than non-pregnant mice. Pregnancy did not 
alter the percentage of CD8+ expressing CD69 (Figure 3F) or the percentage 
of CD4+ or CD8+ cells expressing homing marker α4β7 (Figure 3G&H). 
Pregnancy influenced the expression of genes related to intestinal immune 
pathways in a strain dependent way
Next, we determined the effect of pregnancy on intestinal immune responses 
with a microarray on ileal and colonic tissues. The Venn diagrams show the 
genes that were differently expressed during pregnancy in the ileum (Figure 
4A) and colon (Figure 4B) in both the BALB/C and B6 mice. In the ileum, 1045 
genes were differentially expressed between pregnant and non-pregnant 
BALB/c mice, whereas 1571 genes were differentially expressed in B6 mice. 
The two strains shared 281 differentially expressed genes between pregnant 
and non-pregnant mice in the ileum (both up- and down-regulated). In the 
colon, 1032 genes were differentially expressed between pregnant and non-
Figure 2. Effect of pregnancy on dendritic cells in the spleen. Frequency of MHC2+CD11c+ 
dendritic cells (DCs; expressed as the frequency of CD11c+ cells within the F4/80-MHC2+ 
population) (A) and their expression of CD103 (B) in the spleens of pregnant and non-pregnant 
BALB/c and B6 mice (n=10). Results are expressed as mean + SEM and were tested using 2-way-
ANOVA. Significant strain effects are indicated with an asterisk (*) and significant pregnancy 




Figure 3. Effect of pregnancy on T cell populations in the spleen. 
Frequency of T helper cells (CD4+) (A), cytotoxic T cells (CD8+) (B), FoxP3+ Tregs (C), CD25+ effector 
T cells (D), CD69+ CD4+ (E), CD69+ CD8+ (F), α4β7+ CD4+ (G), and α4β7+ CD8+ (H) in the spleens 
of pregnant and non-pregnant BALB/c and B6 mice (n=10). T cytotoxic and T helper cells are 
expressed as the frequency of CD8+ and CD4+ cells within the CD3+ population respectively. 
Results are expressed as mean + SEM and were tested using 2-way-ANOVA. Significant strain 
effects are indicated with an asterisk (*) and significant pregnancy effects are indicated with the 
letter a in each graph (p<0.05).
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pregnant BALB/c mice, and 789 genes were differentially expressed in B6 mice. 
The two strains shared 161 differentially expressed genes between pregnant 
and non-pregnant females in the colon (both up- and down-regulated). 
To gain insight into the biological role of the genes, which were influenced 
by pregnancy, we first looked into the pathways in which these genes are 
involved using Ingenuity Pathway Analysis (IPA), with special focus on 
pathways related to immunology (Tables 3&4). In both the ileum and the 
colon and both mouse strains, IPA showed that pregnancy influenced the 
expression of genes related to both the innate and adaptive immunity and 
especially pathways involved in the induction of Tregs. In the ileum of B6 mice, 
pregnancy affected among others, the antigen presentation pathway, T cell 
co-stimulation (CD28/CTLA4/iCOS), dendritic cell maturation and cytokine 
signaling (IL-10/IL-12). In the ileum of BALB/c mice similar pathways were 
influenced by pregnancy, such as dendritic cell maturation, IL-10 signaling and 
retinol biosynthesis (Table 3). In the colon of B6 mice, pregnancy influenced 
the antigen presentation pathway, T cell co-stimulation (CD28/iCOS), dendritic 
cell maturation and cytokine signaling (IL-4/IL-8/IL-9). In the colon of BALB/c 
mice, the antigen presentation pathway, dendritic cell maturation and the 
IL-10 signaling pathway were significantly influenced by pregnancy (Table 4). 
Intestinal microbiota composition changed during pregnancy, but in a strain 
dependent way
We hypothesized that the immune changes induced by pregnancy might 
be supported by microbiota that are responsible for Treg generation.(5-7) 
Therefore, we determined the microbiota composition of non-pregnant and 
Figure 4. Venn’s diagrams showing genes that were differently expressed in pregnant BALB/c 
and B6 mice. The number of ileal (A) and colonic (B) genes that differ significantly between 
pregnant and non-pregnant BALB/c and B6 mice. The overlap in genes differ significantly 




pregnant mice in both strains using the phylogenetic microarray, the mouse 
intestinal tract Chip (MITChip). We determined the richness (number of 
unique species) and Shannon diversity (calculation between richness and 
evenness (number per specie)) of the microbiota composition. Pregnancy 
decreased both microbiota diversity and richness (Figure 5A&B), while the 
ratio of Firmicutes/Bacteroidetes was not influenced by pregnancy (Figure 
5C). Redundancy analysis showed that the total variation in microbiota 
composition explained by the variables genotype and pregnancy is 38.1%. 
Pregnancy explained 12.4% of the variance in microbiota composition (Figure 
5D). However, pregnancy-induced differences in microbiota at species like 
level were mainly observed in BALB/c mice. In B6 mice, pregnancy did not 
affect the microbiota at species like level. Both pregnant and non-pregnant 
B6 mice seemed to have a high abundance of Lactobacillus gasseri et rel., 
Table 3. Selection of canonical pathways that are related to the genes with a different expression in pregnant 
and non-pregnant females in both BALB/c and B6 mice in the distal ileum (n=5), analyzed with Ingenuity 
pathways analysis. The p-value is a measure of the likelihood that the association between the set of genes 
altered by pregnancy in this experiment and the given pathways is due to random chance. 
Ingenuity Canonical Pathways p-value B6 p-value BALB/c 
Antigen Presentation Pathway 0,003 0,299 
B Cell Development 0,030 
 CD28 Signaling in T Helper Cells 0,009 
 Communication between Innate and Adaptive Immune Cells 0,000 0,052 
Complement System 0,000 0,004 
Crosstalk between Dendritic Cells and Natural Killer Cells 0,000 0,268 
CTLA4 Signaling in Cytotoxic T Lymphocytes 0,040 
 Dendritic Cell Maturation 0,003 0,040 
Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 0,003 0,520 
Granulocyte Adhesion and Diapedesis 0,738 0,000 
iCOS-iCOSL Signaling in T Helper Cells 0,000 
 IL-10 Signaling 0,025 0,001 
IL-12 Signaling and Production in Macrophages 0,002 
 iNOS Signaling 0,027 
 Interferon Signaling 0,002 0,265 
Leukocyte Extravasation Signaling 0,000 0,006 
Natural Killer Cell Signaling 0,012 
 phagosome formation 0,000 0,046 
PKCθ Signaling in T Lymphocytes 0,009 
 Production of Nitric Oxide & Reactive Oxygen Species in Macrophages 0,013 
 Retinol Biosynthesis 0,091 0,003 
Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 0,000 0,321 
T Cell Receptor Signaling 0,030 
 T Helper Cell Differentiation 0,000 0,337 
Toll-like Receptor Signaling 0,038 0,373 
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Sutterella wadsworthia et rel., Bifidobacterium, Lactobacillus acidophilus 
et rel., Lactobacillus plantarum, Clostridium leptum et rel. and Sporobacter 
termitidis et rel. Pregnant BALB/c mice seemed to have a high abundance 
of Lactobacillus paracasei et rel., Roseburia intestinalis et rel., Eubacterium 
siraeum et rel., Porphyromonas asaccharolytica et rel., Subdoligranulum et 
rel., Ruminococcus callidus et rel. and Eubacterium hallii et rel., while non-
pregnant BALB/c mice seemed to have a high abundance of Unclassified 
Prevotella, Desulfovibrio et rel., and Clostridium lactifermentans et rel.
Table 4. Selection of canonical pathways that are related to the genes with a different expression in pregnant 
and non-pregnant females in both BALB/c and B6 mice in the proximal colon (n=5), analyzed with Ingenuity 
pathways analysis. The p-value is a measure of the likelihood that the association between the set of genes 
altered by pregnancy in this experiment and the given pathways is due to random chance. 
Ingenuity Canonical Pathways p-value B6 p-value BALB/c 
Antigen Presentation Pathway 0,000 0,000 
B Cell Development 0,001 0,076 
CD28 Signaling in T Helper Cells 0,003 0,259 
Communication between Innate and Adaptive Immune Cells 0,039 0,000 
Complement System 0,001 0,022 
Crosstalk between Dendritic Cells and Natural Killer Cells 0,010 0,000 
Dendritic Cell Maturation 0,000 0,036 
Differential Regulation of Cytokine Production in Intestinal Epithelial Cells 
by IL-17A and IL-17F 0,011 0,143 
Granulocyte Adhesion and Diapedesis 0,000 0,006 
iCOS-iCOSL Signaling in T Helper Cells 0,000 0,095 
IL-10 Signaling 0,163 0,048 
IL-4 Signaling 0,001 0,379 
IL-8 Signaling 0,005 
 IL-9 Signaling 0,005 0,634 
Interferon Signaling 1,000 0,000 
Leukocyte Extravasation Signaling 0,001 0,219 
phagosome formation 0,027 0,016 
Role of Pattern Recognition Receptors in Recognition of Bacteria and 
Viruses 0,120 0,012 






Figure 5. Effect of pregnancy on fecal microbiota characteristics. 
Shannon diversity (A), richness (B) and the firmicutes/bacteroidetes ratio (C) in the fecal 
microbiota of pregnant and non-pregnant BALB/c and B6 (n=5). Results are expressed as the 
mean + SEM and were tested using Two-way ANOVA. Significant strain effects are indicated 
with an asterisk (*) and significant pregnancy effects are indicated with the letter a in each 
graph (p<0.05). RDA plot showing the variation explained by the components genotype and 
pregnancy (n=5). The total variation that can be explained by the variables genotype (14.4%) 
and pregnancy (12.4%) is 26.8. Both variables are significant in explaining the variation (p<0.05, 
monte carlo permutation).
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Discussion
Pregnancy is a unique immunological challenge, since the mother has to tolerate 
the semi-allogeneic fetus. Pregnancy is therefore associated with increased 
peripheral and uterine tolerance, induced by increased numbers of Tregs.
(1,2) In the present study we tested whether this was associated with changes 
in the intestinal immune response and with changes in the microbiome. We 
showed that, in accordance with previous studies, (1,2) peripheral Tregs were 
increased in pregnant mice. In addition we demonstrated that pregnancy 
influenced the expression of genes related to immunological pathways 
in the ileum and colon, as well as the intestinal microbiota composition. 
Since our flow cytometry data showed that immune populations in the spleen 
were influenced by pregnancy, we also evaluated the effect of pregnancy on 
the expression of genes involved in immune pathways in the ileum and colon. 
By using a microarray and Ingenuity Pathway Analysis, we demonstrated that 
pregnancy altered the expression of many genes involved in immune pathways 
in both the ileum and colon. In line with enhanced Tregs during pregnancy 
we found immunological pathways, which were differentially regulated by 
pregnancy, related to Treg induction or function. These include the antigen 
presenting pathway, dendritic cell maturation, ICOS-ICOSL signaling in CD4+ 
cells, CD28 signaling in T helper cells, IL-10 signaling and retinol biosynthesis. 
The effect of pregnancy on the canonical pathways, however, was dependent 
on mouse strain. Some pathways were modulated by pregnancy in both strains, 
such as dendritic cell maturation in both colon and ileum and Il-10 signaling 
in the ileum. However, other pathways were only modulated by pregnancy 
in B6 mice, such as the pathways related to CD28/CTLA-4/ICOS, or were only 
modulated by pregnancy in BALB/c mice, such as interferon signaling in the colon. 
Our stepwise approach of confirming systemic changes in Tregs during pregnancy 
and correlating these with intestinal immune pathways, strengthened the 
hypothesis of involvement of microbiota in Treg frequencies during pregnancy. 
As minor knowledge was available on pregnancy induced microbiota changes 
in mice, we studied both microbiota composition and diversity and compared 
pregnant with non-pregnant mice. We demonstrate for the first time that 
pregnancy impacts the intestinal microbiota composition in two different 
mouse strains. In the present study, we showed that at the end of pregnancy, 
pregnant mice of both strains had a reduced microbiota diversity and richness 




study, recently published, which demonstrated a decreased diversity in the 
third trimester as compared to the first trimester of pregnancy in humans.(22) 
In general, it is assumed that a microbiome with a low diversity and richness 
is not beneficial for the host health, since disorders like obesity are general 
associated with a low microbial diversity and richness.(23,24) It remains therefore 
to be investigated why diversity and richness is decreased in pregnancy. 
However, it might be a functional change as Koren et al. also showed that 
transferring microbiota from third trimester pregnant women to germ-free 
mice, induced adiposity and insulin insensitivity in these mice.(22) Therefore, it 
may be suggested that during pregnancy, one of the functions of the changes in 
microbiome could be necessary for enhancing energy absorption in the mother.
The bacterial species that are involved in the composition change during 
pregnancy are, as hypothesized, associated with immune changes. The changes 
in composition are, however, mouse strain dependent. Still, we found similar 
systemic immunological outcome in both strains, i.e. enhancement of Tregs. 
This suggests that different strategies in genetically different mice may finally 
lead to the same outcome, necessary for successful pregnancy. In comparison 
to non-pregnant BALB/c mice, pregnant BALB/c mice seemed to have a 
higher abundance of, among others, Lactobacillus paracasei et rel., Roseburia 
intestinalis et rel. and Eubacterium hallii et rel. These three species have been 
shown to induce immune tolerance and have anti-inflammatory properties.
(25-27) Lactobacillus paracasei et rel. has been shown to increase the amount 
of both CD103 expressing DCs, i.e. DCs inducing immune tolerance, and Tregs 
in the MLN of mice.(25) Eubacterium hallii, as well as Roseburia intestinalis are 
well known butyrate producers,(26,27) which can induce the differentiation of 
Tregs in the lamina propria of the colon.(8) In contrast to the BALB/c strain, 
pregnancy induced changes in microbiota composition were less apparent in 
the B6 strain but this could be explained as follows. Non-pregnant B6 females, 
in contrast to BALB/c, already had a higher abundance of bacteria from the 
Lactobacillus and Bifidobacterium genus. Species of the Lactobacillus and 
Bifidobacterium genus are well known for their beneficial effects on health, 
including the fact that they can upregulate Tregs and have anti-inflammatory 
properties.(6,28) Therefore, there may be no need for changes in bacterial 
composition during pregnancy in the B6 mice. This suggestion is in line with 
the fact that non-pregnant B6 mice showed an increased percentage of FoxP3+ 
Tregs in the spleen as compared to non-pregnant BALB/c mice. However, 
many genes related to Treg function or induction and antigen presentation 
in the ileum and colon showed a higher expression in pregnant B6 mice 
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than non-pregnant B6 mice, indicating an intestinal immune change induced 
by other factors than microbiota or a higher sensitivity for the microbiota. 
Our study towards the role of microbiota in adaptation of immunity to 
pregnancy should not be interpreted as a suggestion that only microbiota 
changes are responsible for the observed immunological changes in the 
colon, ileum and spleen. It is known that peripheral immune responses are 
influenced by the placenta by direct contact with fetal tissue in the placenta, 
due to circulation of the immune cells through the placenta, or due to contact 
with soluble products produced by the placenta, such as cytokines, micro-
particles and exosomes.(29-33) These effects are generally believed to be pro-
inflammatory.(34) As our data suggest, the pregnancy enriched microbiota 
species in this study, may have anti-inflammatory and tolerance inducing 
properties. Changes in microbiota during pregnancy may therefore be 
important as a compensatory mechanism to regulate the placenta-induced 
pro-inflammatory changes. This hypothesis should be tested in future studies.
In summary, our data suggest that microbiota may be involved in the intestinal 
and peripheral immune changes during pregnancy. However, our data also 
demonstrate that the two mouse strains seem to respond differently to 
pregnancy. BALB/c mice showed the largest changes in microbiota composition 
during pregnancy. Some of the enriched bacterial species in pregnant BALB/c 
mice are associated with anti-inflammatory and Treg inducing properties. B6 
mice hardly changed their microbiota species during pregnancy. However, 
several of the bacteria already present in non-pregnant mice of this strain are 
associated with anti-inflammatory and Treg inducing properties. Therefore 
our data suggest that during pregnancy microbiota species related to a 
regulatory, anti-inflammatory immune phenotype may be necessary. Our 
data suggest that different mice strains have different strategies to obtain 
similar regulatory immune responses, i.e. BALB/c mice increase bacteria that 
are associated with induction of a tolerance and anti-inflammatory immune 
response, while B6 mice already have bacteria that induce such an immune 
milieu and therefore do not have to adapt their microbiome to pregnancy 
(Figure 6). We speculate that microbiota during pregnancy may be involved in 
regulating the placenta induced pro-inflammatory changes during pregnancy.
Chapter 4
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4 Figure 6. Proposed correlations between pregnant specific microbiota and intestinal immune 
responses. This figure shows the bacteria species that seemed to be enriched in BALB/c and B6 
pregnant and non-pregnant mice. The arrows indicate positive correlations between bacteria 
and intestinal immune cells.
Conclusions
We found that pregnancy increased peripheral Treg populations. We 
hypothesized that the increase in peripheral Tregs during pregnancy is associated 
with changes in the intestinal microbiota composition. Indeed we found that 
pregnancy influenced intestinal microbiota diversity, richness and composition, 
however in a strain dependent way. Pregnant BALB/c mice seemed to increase 
bacteria species involved in Treg development and anti-inflammatory responses, 
while B6 mice did not change the microbiota composition during pregnancy. 
This may be due to the fact that B6 mice already had bacteria species which 
are involved in Treg development and have anti-inflammatory properties; 
they may not need to change their microbiome during pregnancy. Our data 
underpin that the interaction of microbiota and immunity is more complex 
than assumed up to now, as we show that several strategies of microbiota 
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changes may lead to the same immunological outcome. Our observation that 
during pregnancy microbiota with immune regulatory functions are enhanced 
may open new ways to promote healthy pregnancy by nutritional intervention. 
Also our data suggest possible involvement of anomalies in pregnancy 
induced microbiota changes as explanation for unsuccessful pregnancies. 
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